This study investigates the coordinated control problem of Euler-Lagrange systems with model uncertainties in environments containing obstacles when escorting a target. Using an outer-inner loop control structure, a null-space-based behavioral (NSB) control architecture was proposed in the outer loop considering obstacles. This architecture generates the desired velocity for the inner loop. The adaptive proportional derivative sliding mode control (APD-SMC) law was applied to the inner loop to ensure fast convergence and robustness. All the robots were distributed around the target evenly and escorted the target at a specified distance while avoiding obstacles in a p− dimensional space (where p ≥ 2 is a positive integer). Stability and convergence analyses were conducted rigorously using a Lyapunov-based approach. The simulation results of three scenarios verified the effectiveness and high-precision performance of the proposed control algorithm compared to that of the adaptive sliding mode control (ASMC) in both two-dimensional and three-dimensional space. It is shown that all the robots can move into appropriate positions on the surface of a sphere/circle during an escort mission and reconfigure the formation automatically when an obstacle avoidance mission is active.
Introduction
In recent years, the control of multirobot systems has attracted a considerable amount of attention as these systems can overcome the main limitations associated with using a single robot. Many scholars have focused on the coordinated control of multi-agent systems [1] , nonlinear dynamics with uncertainties [2, 3] , nonholonomic mobile robots [4, 5] , and general multiple mechanical systems [6] . An increasing number of studies have found that it is unacceptable to use only single-or double-integrator dynamics while neglecting the nonlinear dynamics to model some practical applications.
Many researchers have begun to study Lagrange systems because of their generic representation of many mechanical systems, for example, the attitude dynamics of rigid bodies, robot manipulators, mobile robots, and walking robots [7] [8] [9] [10] [11] [12] [13] . However, most existing results can only be applied to ideal environments. They are not suitable for use in complex environments, for example, in the presence of obstacles. Therefore, research on the coordinated control of multiple Euler-Lagrange systems is essential and critical, especially when considering obstacles, model uncertainties, external disturbances, parameter uncertainties, and unknown nonlinear dynamics.
Preliminaries
We consider a group of n mobile robots whose dynamics can be described as Euler-Lagrange systems, represented by
where M i (q i ) ∈ R p×p is the positive definite inertia matrix, q i ∈ R p is the vector of generalized coordinates, C i q i , . q i . q i ∈ R p is the vector of the Coriolis and centrifugal torques, g i (q i ) is the gravity vector, τ i is the control input vector on the i th robot, and τ d i stands for the unknown disturbance force. Assume that the Euler-Lagrange systems possess the following properties. Property 1. Boundedness. For any i, positive constants m i , m i , k Ci , and k gi exist such that 0 < m i I p ≤ M i (q i ) ≤ m i I p and C i (x, y) ≤ k Ci y for all vectors x, y ∈ R p , and g i (q i ) ≤ k gi . Property 2. Skew symmetry.
q i is skew symmetric. Property 3. Linearity in the dynamic parameters. M i (q i )x + C i q i , . q i y + g i (q i ) = Y i (q i , . q i , x, y)Θ i for all vectors x, y ∈ R p , where Y i (q i , . q i , x, y) is the regressor vector, and Θ i is the constant parameter vector associated with the i th robot. Property 4. The disturbance force τ d i is assumed to be bounded as τ d i ≤ ξ i , where ξ i > 0.
Outer Loop Controller Design
This section presents the outer loop controller design. To conduct escort and obstacle avoidance missions, NSB control was proposed in the outer loop to merge the behaviors to define the final motion of robots. APD-SMC was employed in the inner loop for multiple Euler-Lagrange systems to compensate for unknown disturbances, parameter uncertainties, etc. A block diagram of the overall control system is shown in Figure 1 
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NSB Control
With the NSB control approach introduced in [16] [17] [18] , three different tasks for the escort mission with obstacle avoidance should be considered in this study, namely, the obstacle avoidance mission, a task for scattering robots around the target evenly, and a task for maintaining a platoon on the surface of a sphere/hypersphere. The latter two tasks belong to the escort mission. According to [32] , the desired velocity for the escort mission with obstacle avoidance is designed as 
T ∈ R pn are the desired velocity vectors of the escort mission.
The priority order depends on practical considerations (e.g., safety behaviors, such as obstacle avoidance, always have a higher priority) or on design choices in which a behavior in the case of conflict needs to be achieved [33] .
The sketch of NSB control architecture with three different tasks is depicted in Figure 2 , in which the supervisor can arrange the priority of each task. The supervisor may change the priority (and weighting) of the different tasks throughout the mission if new requirements are given. 
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velocity vectors of the escort mission. The priority order depends on practical considerations (e.g., safety behaviors, such as obstacle avoidance, always have a higher priority) or on design choices in which a behavior in the case of conflict needs to be achieved [33] .
The sketch of NSB control architecture with three different tasks is depicted in Figure 2 , in which the supervisor can arrange the priority of each task. The supervisor may change the priority (and weighting) of the different tasks throughout the mission if new requirements are given. In order to eliminate the conflicting components, the different task velocities need to project onto the null space created by the Jacobian matrices of higher prioritized tasks in NSB control architecture. As shown in Figure 3, 2 q  needs to be projected onto the null space of 1 q  . This means that the effective element of each task is combined to construct the integrated velocity command to drive the robot [34] . In order to eliminate the conflicting components, the different task velocities need to project onto the null space created by the Jacobian matrices of higher prioritized tasks in NSB control architecture. As shown in Figure 3 , . q 2 needs to be projected onto the null space of . q 1 . This means that the effective element of each task is combined to construct the integrated velocity command to drive the robot [34] . 
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Obstacle Avoidance Mission
The obstacle avoidance mission maintains a specified distance between a robot and an obstacle.
Each robot is surrounded by a virtual sphere 
The obstacle avoidance mission maintains a specified distance between a robot and an obstacle. Each robot is surrounded by a virtual sphere
indicates the position of the current obstacle for the i th robot, and B i,o indicates the sphere σ i,1d = d i , where d i is the minimum allowed safe distance between the i th robot and an obstacle [33] .
The obstacle avoidance task function and the error of the task function are represented as
Furthermore, we denote
i is the Jacobian matrix, a unity vector pointing at the nearest obstacle isr i = q i − q o i / q i − q o i , λ i,1 > 0 is a state-dependent gain to be defined in the next section, and J † i,1 = J T i,1 . Note that σ i,1 = σ i,1d − σ i,1 ≥ 0 only if the robot is close enough to the obstacle, and σ i,1 = 0 when the mission is inactive. This task is built individually for each robot and not as an aggregate task function.
Escort Mission
In an escort mission, all of the robots scatter around the target evenly. The movements are not known a priori but can be measured in real time. The robots escort the target at a fixed distance in the p− dimensional case (where p ≥ 2 is a positive integer). Two tasks must be defined: A task for evenly scattering the robots around the target, and a task for maintaining the platoon on the surface of a sphere/hypersphere.
Task for Scattering Robots Around the Target Evenly
With reference to the planar case, the requirement of evenly scattering the robots around the target is satisfied by letting n robots stay at the vertices of a regular polygon of order n, in which the distances between adjacent vertices are equal.
In the planar case, a vector k is defined as the index that identifies the robots in their order along the circle. Thus, k j is the index that identifies the robot at the j th place along the circle, which is not necessarily the j th robot, and k j and k j+1 are indexes that identify two consecutive robots along the circle. Obviously, any robot can be chosen as k 1 , and k 1 and k n are consecutive indexes [17] .
This task function, the desired task function, and the error of the task function are defined as
where l i is the proper distance between two neighboring robots. The desired velocity of this task is .
positive definite matrix of gains. This task function, the desired task function, and the error of the task function are
. q 3 is the desired velocity vector for maintaining the robots on the surface of a sphere/hypersphere at a given distance R from the target c.
∈ R pn×n , and Λ 3 ∈ R n×n which is defined similar to Λ 2 is also a constant positive definite matrix of gains [33] . Remark 1. In the planar case, robots are distributed at the vertices of a regular polygon, and l i can be designated as 2R cos π 2 − π n [17] . However, in three-dimensional and p− dimensional space (p > 3), the problem of how to distribute points on the sphere/hypersphere is treated as a Thomson problem [35, 36] . Many scholars have studied this problem and the proper distance does indeed exist. Remark 2. If a robot goes out of control and enters another robot's virtual sphere i,o , it will be considered as an obstacle, and the rest of the robots must avoid it. If two or more obstacles are considered at the same time, the closest one will be dealt with first [33] .
Inner Loop Controller Design
The inner loop control is a combination of linear PD control and nonlinear SMC with adaptive control. The PD control part is used to stabilize the nominal model, the SMC part is used to compensate the external disturbances and system uncertainties, and the adaptive control part is utilized to estimate the unknown system parameters.
APD-SMC Law
The control problem involves designing controllers such that each robot tracks the desired trajectory , and γ = diag(γ 1 , γ 2 . . . γ n ) which is positive diagonal matrix, is defined as the sliding constant. Then, the sliding surface is
Appl. Sci. 2019, 9, . Based on Property 3, the following reference torque is described as follows:
For the coordinated control of multiple Euler-Lagrange systems, the APD-SMC law is proposed as
where k pi and k di are the proportional and derivative gains of the PD control, respectively, and k i is the gain of the robust term. All three gain matrices are selected to be positive definite.ρ i is the estimation of the reference torque ρ i that will be updated using an adaptive law. Owing to the use of APD-SMC, the need for large control gains of PD-SMC to compensate for the unknown term ρ i is avoided.
where µ i represents the diagonal matrix adaptation rate andρ i,0 is the initial value of the estimated torque vector.
Remark 3. It can be seen that the APD-SMC law in Equation (9) is only related to the tracking error e i and tracking velocity error . e i . Therefore, the control law is model-free and easy to implement in practice.
Stability Analysis
From Equation (7), we have .
According to Equations (1), (8) and (11), the following equation can be obtained:
Theorem 1. Consider the errors of task functions in Equations (3)-(5), the Euler-Lagrange system in Equation (1) with the proposed APD-SMC law in Equation (9), and adaptation update law in Equation (10). Suppose that Properties 1-4 hold. We can conclude that
1.
If there is no conflict between the three tasks, then they can be fulfilled simultaneously. The system is globally asymptotically stable, and the tracking error e i can converge to zero.
2.
If an obstacle avoidance mission is active and conflicts with an escort mission, then the gain is chosen as
q i + i , where i is designed based on robustness to noise, for example, measurement noise. Then, the obstacle avoidance mission is fulfilled first. Furthermore, the system is globally asymptotically stable, and the tracking error e i can converge to zero.
Proof. The overall Lyapunov function candidate V is considered as
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where ρ i = ρ i −ρ i . η 1 , η 2 , and η 3 are design parameters, and
and η 3 are selected as positive definite. It can be easily proven that V is a positive definite function. Based on Equations (9) and (12), the following equation can be obtained:
Differentiating V 1 with respect to time yields
Applying Equations (7), (10), and (14) to Equation (15), we have
The Lyapunov function V 1 is positive definite, and its time derivative . V 1 is negative definite. It is concluded that the inner loop subsystem is globally asymptotically stable, and the tracking error e i could converge to zero with APD-SMC according to the Lyapunov method. In the above equation, the equality
e i = 0. Remark 4. In practice, the discontinuous term sign(·) function in Equation (9) may cause chattering problems. To avoid the chattering problems, a saturation function tanh(·) is introduced to replace the discontinuous sign(·) function [31] .
Then, the control law in Equation (9) is modified to
where tanh(s i ) = Using Equation (13), we obtain
Next, two different cases will be discussed separately: Conflicting and nonconflicting tasks. Assuming there is no conflict between each pair of tasks, an interesting property of the Jacobian matrices is utilized so that the nonconflicting relationship between three tasks can be expressed as
It means that the three tasks projected onto the robot velocity space are orthogonal. Therefore, they may be fulfilled simultaneously [37] . Inserting Equation (19) into Equation (18), we obtain
Accordingly, from the above analysis, we find that if there is no conflict between every pair of tasks, then the outer loop subsystem is globally asymptotically stable. Meanwhile, if the obstacle avoidance mission is active and conflicts with the escort mission, then . V 2 is in the form
where
and P = p ij , i, j = 1, 2, 3 with submatrices given by
where p ij,m and p ij,M denote the lower and upper bounds, respectively, on the induced norms of subblocks p ij of P. X T PX ≥ 1 2 p 11,m σ 1 2 + p 22,m σ 2 2 + p 33,m σ 3 2 . We see that since J 1 = J 2 = J 3 = 1, p 22,m = p 22,M = 0, and p 33,m = p 33,M = 0, we lose control of σ 2 and σ 3 . V 2 should be reselected as V 2 = 1 2 σ T 1 η 1 σ 1 in this situation. Then, we obtain
Similarly, the outer loop subsystem is globally asymptotically stable.
In this situation, the solution in Theorem 1, which implies that obstacle avoidance mission has a higher priority and will be fulfilled first when it conflicts with the escort mission, is achieved. Then, the escort mission can be accomplished when there is no conflict. As the NSB method is kinematic, acting on the dynamics through the desired velocity and not the desired position, it is necessary to design λ i,1 properly to make the velocity error dominate the position error.
The sliding surface (7) contains both position and velocity errors. By inserting Equation (2) into Equation (7) and considering the fact that if every two tasks conflict, then the contributions from σ 2 and σ 3 can be removed, thus
By manipulating Equation (23) as an equality and taking the norm on both sides of it, we obtain
Thus, by choosing λ i,1 e i ,
q i + i , where i > 0 is chosen based on the robustness to noise, this constant ensures that the robot moves away from the obstacle.
Remark 5. If just the two tasks of the escort mission are in conflict, then each robot fulfills only the first two higher-level tasks. Conflicts will not occur where
Remark 6. Following [17, 38] , if a robot is going to frontally collide with an obstacle and the projection along the tangential direction is null, the robot will stop. Measurement noise i can avoid the local minimum which is caused by this situation.
Simulations
Simulation experiments were performed to demonstrate the effectiveness of the proposed algorithm with the adaptation law compared with ASMC in two-dimensional and three-dimensional space in three scenarios.
The dynamic equation of each robot is selected as
The definitions of the parameters are similar to Equation (1). The noise is considered to be contained in a compact set σB n = {x ∈ R n : x ≤ σ}, and the measured states are q i = q + 0.02B n and . q i = . q + 0.01B n . The control forces are assumed to saturate at τ i ≤ 10N. All parameters of controller are adjusted with a trial and error method to achieve the best performance.
Consider five robots in two-dimensional space. The system parameters are assumed to be M i = 1 and C i = 0, where i = 1, . . . For literature completeness, an ASMC scheme can be designed as τ i =ρ i + k ai sign(s i ) with the adaptive control law (10) . The controller parameter of ASMC is given as k ai = 80.
In three-dimensional space, the six robots reach the vertices of the regular octahedron, while the target is the centroid, as in Figure 4 . The edges of the regular octahedron are the distances between the adjacent robots. Thus, the task function and pseudoinverse of the Jacobian matrix can be rewritten as 
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Equation (2) All simulation experiments were conducted in MATLAB R2016a on a PC with Intel ® Core I5-4590 and a 3.6-GHz CPU, 12 GB of RAM, and 1000-GB solid-state disk drive.
Case 1: Escorting a Stationary Target
In Two-Dimensional Space
Five robots escort a stationary target c = [3, 0] T in this scenario. Figure 5 shows the distances between the robot and target, the distances between the neighboring robots, and position tracking errors with APD-SMC. All simulation experiments were conducted in MATLAB R2016a on a PC with Intel ® Core I5-4590 and a 3.6-GHz CPU, 12 GB of RAM, and 1000-GB solid-state disk drive.
Case 1: Escorting a Stationary Target
In Two-Dimensional Space
Five robots escort a stationary target [3, 0] T c = in this scenario. Figure 5 shows the distances between the robot and target, the distances between the neighboring robots, and position tracking errors with APD-SMC. It is shown that all of the robots can maintain the fixed distance from the target and surround it evenly. Figure 6 shows much worse control performance compared with using APD-SMC. This further verifies that convergence can be achieved faster and with higher control precision than ASMC. It is shown that all of the robots can maintain the fixed distance from the target and surround it evenly. Figure 6 shows much worse control performance compared with using APD-SMC. This further verifies that convergence can be achieved faster and with higher control precision than ASMC. It is shown that all of the robots can maintain the fixed distance from the target and surround it evenly. Figure 6 shows much worse control performance compared with using APD-SMC. This further verifies that convergence can be achieved faster and with higher control precision than ASMC. Next, the effectiveness of the proposed control law is examined when there are two obstacles. The simulation results are presented in Figures 9 and 10 , showing that when two obstacles q 01 = [15, 6] T and q 02 = [25, −5] T enter the threshold circles of robots 1 and 4, respectively, all of the robots change their positions to avoid the obstacles and collisions. 
Case 2: Escorting a Dynamic Target with Constant Velocity
In Two-Dimensional Space
In Three-Dimensional Space
The simulation experiment results for escorting a target [0.1 ,0,0] T c t = using the proposed law in three-dimensional space are shown in Figures 11 and 12 . Figure 13 shows the results when using ASMC. A slower convergence speed and lower control precision are observed compared to when using APD-SMC. 
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The simulation experiment results for escorting a target c = [0.1t, 0, 0] T using the proposed law in three-dimensional space are shown in Figures 11 and 12 . Figure 13 shows the results when using ASMC. A slower convergence speed and lower control precision are observed compared to when using APD-SMC. 
The simulation experiment results for escorting a target [0.1 ,0,0] T c t = using the proposed law in three-dimensional space are shown in Figures 11 and 12 . Figure 13 shows the results when using ASMC. A slower convergence speed and lower control precision are observed compared to when using APD-SMC. In summary, the above simulation results show that the proposed control strategy shows faster and higher control performance than ASMC, and it also provides superior capability while avoiding obstacles.
Conclusions
In this study, the coordinated control of multiple Euler-Lagrange systems for escorting missions was investigated in the presence of model uncertainty, disturbances, and obstacles. Our main contribution is the proposal of a robust hierarchical control structure. The NSB controller was proposed in the outer loop to avoid obstacles and escort the target, thus generating the desired velocity for the inner loop. The APD-SMC law was employed in the inner loop to track the desired velocity and ensure fast convergence and robustness. The feasibility of the control scheme was illustrated through Lyapunov theorems and simulation experiment results. Further work will focus on the fault-tolerant coordinated control of multiple Euler-Lagrange systems and the event-based control mechanism for multi-agent systems. In summary, the above simulation results show that the proposed control strategy shows faster and higher control performance than ASMC, and it also provides superior capability while avoiding obstacles.
In this study, the coordinated control of multiple Euler-Lagrange systems for escorting missions was investigated in the presence of model uncertainty, disturbances, and obstacles. Our main contribution is the proposal of a robust hierarchical control structure. The NSB controller was proposed in the outer loop to avoid obstacles and escort the target, thus generating the desired velocity for the inner loop. The APD-SMC law was employed in the inner loop to track the desired velocity and ensure fast convergence and robustness. The feasibility of the control scheme was illustrated through Lyapunov theorems and simulation experiment results. Further work will focus on the fault-tolerant coordinated control of multiple Euler-Lagrange systems and the event-based control mechanism for multi-agent systems.
